The Asian longhorned beetle, Anoplophora glabripennis (Motschulsky), is a polyphagous wood-boring insect native to Asia. Since it invaded North America in the 1990s, the beetle has been continuously targeted by quarantines and eradication programs in the United States and Canada. We examined the potential for development of new species-associations between A. glabripennis and hymenopteran parasitoids collected from cerambycids and other wood-boring insects infesting red maple (Acer rubrum L.) trees in the mid-Atlantic region of the United States. Results of our study showed that five groups of braconid parasitoids (Ontsira mellipes Ashmead, Rhoptrocentrus piceus Marsh, Spathius laflammei Provancher, Heterospilus spp., and Atanycolus spp.) successfully attacked early instars of A. glabripennis larvae infesting red maple logs and produced both male and female progenies. One species, O. mellipes, was continuously reared on A. glabripennis larvae inserted inside small red maple sticks for over 50 generations, and produced femalebiased progeny ($6:1 female to male ratio) at each generation. Continuous rearing of O. mellipes on A. glabripennis larvae did not significantly increase the parasitism and mean number of progeny produced per parasitized host. Together, these findings demonstrate that some North American parasitoids may be able to develop new associations with A. glabripennis and thus should be further studied under semifield or field conditions for possible use in biocontrol.
The Asian longhorned beetle, Anoplophora glabripennis (Motschulsky), is a polyphagous xylophage native to Asia and is capable of killing many species of apparently healthy host trees (Nowak et al. 2001 , Williams et al. 2004 , Hu et al. 2009 ). It has invaded Europe and North America since the 1990s, possibly from wood-packaging materials used in international shipments from Asian trading partners (Haack et al. 2010) . In Europe and North America, A. glabripennis has been continuously targeted by quarantines and eradication, which have called for the survey and removal of all infested trees belonging to the genera considered suitable for the complete development of the beetle, such as Acer, Aesculus, Betula, Salix, Ulmus, Platanus, Populus, and Sorbus (Sawyer 2012 , Sjö man et al. 2014 , van der Gaag and Loomans 2014 . Even with intensive quarantine and eradication efforts, populations of A. glabripennis have been repeatedly detected in the United States (U.S. Department of Agriculture-Animal and Plant Health Inspection Service [USDA-APHIS] 2015) and Europe (Sjö man et al. 2014, van der Gaag and Loomans 2014) .
The primary challenges with quarantine and eradication of invasive wood-boring insects such as A. glabripennis stem from the cryptic nature of their immature stages as well as their tendency to readily adapt to urban landscapes, forests, and the transition zones between the two (Hu et al. 2009 , Haack et al. 2010 , Sjö man et al. 2014 . While early detection, quarantine, and eradication efforts are currently still the main strategy against A. glabripennis, the costs and environmental concerns from the removal or chemical treatment of large numbers of host trees in or near the newly infested area call for development of sustainable approaches such as biological control for permanently managing this invasive pest. When they are identified and mass-produced, effective biological control agents can be potentially used in augmentative release programs to reduce the total A. glabripennis populations in the newly infested regions and thus may complement the current eradication program (Knipling 1979) .
Many insect species achieve invasive pest status when they are accidentally moved to new locations without their own natural enemy complexes that control them and where local beneficial species
Published by Oxford University Press on behalf of Entomological Society of America 2015. This work is written by US Government employees and is in the public domain in the US. are ineffective in suppressing them (Keane and Crawley 2002) . It is generally considered that some of the most effective natural enemies of an exotic, invasive insect pest such as A. glabripennis are those that have coevolved with it in its native range (van den Bosch et al. 1982) . Investigations of coevolved natural enemies attacking A. glabripennis in its native range have only resulted in discovery and identification of several generalist larval parasitoids such as Dastarcus helophoroides F. (¼ D. longulus Sharp; Coleoptera: Borthrideridae), Scleroderma guani (Xiao et Wu) (Hymenopteran: Bethylidae), and Iphiaulax imposter (Scopoli) (Hymenoptera: Braconidae) (Tang et al. 1996 , Wang et al. 1999 , Gao and Li 2001 , Chen et al. 2003 , Hu et al. 2009 ). To date, however, no studies have demonstrated that these Asiatic natural enemies have provided effective control of A. glabripennis or other Anoplophora species in their native range (Turgeon and Smith 2013) .
An alternative approach to foreign explorations for the coevolved natural enemies for biocontrol is to explore for potential new associations of North American endemic natural enemies with A. glabripennis so that a "new association biocontrol" approach may be developed. Hokkanen and Pimentel (1984) analyzed all biocontrol cases conducted worldwide and showed that use of "new association" enemies was 2.3 times more likely to control coleopteran pests than classical biocontrol methods. Although debates continue about the use of "new association" natural enemies against native pests, it appears to be agreeable that "new association" natural enemies may be effective in suppression of some invasive (nonnative) insect pests (e.g., Hokkanen and Pimentel 1989 , Aldrich 1995 , Murphy and Kay 2004 , Irvin and Hoddle 2010 , O'Connell et al. 2012 ).
In the present study, we first screen for potential new associations of indigenous North American hymenopteran parasitoids to serve as biocontrol agents against A. glabripennis larvae. All the parasitoid taxa screened here are associated with local cerambycids and/or other wood-boring insects infesting red maple (Acer rubrum L.) in the mid-Atlantic region of the United States. We then develop a more effective method for rearing one of the native parasitoids (Ontsira mellipes Ashmead) with A. glabripennis larvae inserted into small red maple sticks. Using this method, we also investigate the capacity for adaptive change in parasitism of A. glabripennis larvae and parasitoid progeny production by O. mellipes in the laboratory. Findings from our study may provide useful information for the potential development of "new association" biocontrol through potential mass-rearing and releases of a native natural enemy against A. glabripennis in North America.
Materials and Methods

Collection of Indigenous Parasitoids for Testing
All test taxa of North American parasitoids used in this study were collected as adults upon emergence from red maple (A. rubrum) logs harvested from Blackbird State Forest (Townsend, Delaware), where they had been naturally infested with cerambycids and some other wood-boring coleopterans (e.g., buprestids and bark beetles). To facilitate the colonization of host logs by cerambycids and other wood-boring insects for parasitoid collection, red maple trees with diameter at breast height ranging from 10-25 cm were felled each year in early June and then left in the same field throughout August and September from 2010 to 2014. Each year after the field exposure, the trunk of each felled tree was cut to 0.5-m-long logs and brought to the USDA ARS Beneficial Insects Introduction Research Unit (BIIRU, Newark, DE), where they were placed inside rearing containers made of cylindrical sona-tubes (25 cm in diameter and 100 cm in height) and stored on wooden shelves in an outdoor insectary with ambient (noncontrolled) temperature, humidity, and natural photoperiod. Each year, emerged wood-boring beetles (primarily cerambycids, buprestids, and bark beetles) and parasitoids were collected from the tubes daily from April through October. Voucher specimens for taxa of wood-boring beetles and associated parasitoids were prepared and sent to the USDA ARS Systemic Entomology Laboratory (Beltsville, MD) for identification. Three groups of hymenopteran parasitoids were collected and identified to species (Ontsira mellipes Ashmead, Rhoptrocentrus piceus Marsh, and Spathius laflammei Provancher), with a further two identified to genus (Hesterospilus spp. and Atanycolus spp.), and three more to family (unidentified Chalcididae, Braconidae, and Ichneumonidae). Live parasitoid adults from each of these taxa were used for testing with A. glabripennis larvae 3-5 d after adult parasitoid emergence inside the USDA ARS BIIRU quarantine laboratory. Test wasps were fed with honey dots applied to the wall of holding jars prior to and during testing.
Larvae of Asian Longhorned Beetles
All A. glabripennis larvae used in the study were early instars reared on freshly cut red maple bolts (each ca. 4-11 cm in diameter and 12-23 cm in length) in the BIIRU quarantine laboratory. To produce the appropriate instars of host larvae for tests, freshly cut red maple bolts were exposed to gravid A. glabripennis adults for 1-2 wk in 3.47-liter jars (one female Â one male per log per jar) with vented hard plastic lids under normal rearing conditions (23 6 1.5 C, 45-65% RH, and a photoperiod of 16:8 [L:D] h) to obtain appropriate levels of A. glabripennis egg deposition. Female A. glabripennis chew oviposition pits and insert their eggs between the inner bark and the sap wood. The exposed logs were then incubated in the rearing room under the same environmental condition for 6-8 wk when all A. glabripennis larvae still resided in cambium tissues. Based on a subsample dissected from the similarly infested logs (N ¼ 38) prior to testing, A glabripennis larvae in those test logs had an average biomass 6 SD of 18.6 6 7.5 mg per larva.
Testing Procedures
To evaluate the potential for new associations, we first presented each taxon of test parasitoids (within a week after emergence from rearing Sona-tubes) to A. glabripennis larvae reared on freshly cut red maple bolts in 3.47-liter screened jars. For each trial (or replicate) with each parasitoid taxa, one to six females and one to three males of adult wasps were released into a screened 3.47-liter jar containing one of the red maple bolts described above. Because of variations in both adult oviposition and egg hatching rates, the number of A. glabripennis larvae in each test bolt varied and was determined later by posttrial dissection. The exposure duration was 7-21 d depending upon the longevity of test parasitoids. At the end of each trial, exposed red maple bolts containing A. glabripennis larvae were incubated in a growth chamber at 22-26 C, 55-65% RH, and a photoperiod of 16:8 (L:D) h for rearing of F 1 parasitoid progeny (if parasitism was successful). When no adult parasitoids emerged from the exposed red maple bolts after 21-30 d of incubation, we then dissected them and determined the fate and number of the A. glabripennis larvae inside each log. Parasitism rate for each trial (or log) was calculated as proportion of viable A. glabripennis larvae successfully attacked, which was evident by the presence of parasitoid progeny (cocoons, larvae, or both) of the test parasitoid. Number of the test parasitoid progeny (females and males) successfully developing to adults per trial or per parasitized A. glabripennis larva was also determined.
Rearing O. mellipes With A. glabripennis Larvae
Larvae of the braconid wasp O. mellipes were found to successfully develop on A. glabripennis larvae naturally infesting red maple bolts (Fig. 1) in the earlier test. A modified method for rearing O. mellipes on A. glabripennis larvae was subsequently tested in comparison with the naturally infested bolt-exposure method. The modified method involved the exposure of gravid O. mellipes wasps to A. glabripennis larvae artificially inserted into small red maple sticks (1-1.5 cm in diameter and 20-25 cm in length). All A. glabripennis larvae used for insertion into test maple sticks were reared with red maple logs with the same procedure described earlier and had a mean biomass 6 SD of 633.3 6 83.0 mg (N ¼ 1,225) . A single A. glabripennis larva was inserted into each freshly cut red maple stick via a grove (6.5 mm long by 6.5 mm wide by 63 mm deep) made in the top of the stick using an electric drill toward one side of the wall. For each trial, three red maple sticks (each containing one A. glabripennis larva) were placed inside a 3.47-liter jar, where one to six females and one to two males of O. mellipes were released. The exposure time and incubation period for parasitoid progeny emergence and parasitism determination were the same as described for trials with the previous bolt-exposure method. A total of 32 trials (replicates) were conducted with the modified red maple stick method and 27 trials with the red maple bolt method.
Effects of Continuous Laboratory Rearing on Adaptive Changes in Parasitism and Progeny Production by O. mellipes
We determined if continuous laboratory culture influenced the capacity for adaptive change in parasitism of A. glabripennis larvae by O. mellipes. For this experiment, we continuously reared O. mellipes (N ¼ 24) originating from the local cerambycid larvae infesting red maple trees for 50 generations with A. glabripennis larvae inserted inside red maple sticks. For each rearing trial (or replicate), one to three females and one to two males of O. mellipes (within a week after emergence) were randomly selected and presented with A. glabripennis larvae inserted inside red maple sticks (one to three sticks, each inserted with one larva). Although the number of wasps and hosts varied in rearing trials across different generations, the parasitoid-to-host ratio throughout the experiment was approximately the same (1.5-1.7). Parasitism and the number of parasitoid female and male progeny produced per parasitized host by O. mellipes were monitored every generation. However, data from every 10 parental generations were grouped for analysis.
Data Analysis
For testing with different groups of parasitoids, we calculated the mean percentage of parasitism rates and number of parasitoid (female and male) progeny and standard errors from trials or replicates for each taxa of the tested parasitoids. Two sample t-tests were used to detect statistical differences in mean parasitism rate and number of parasitoid progeny (females and males) produced per parasitized host, between the two different exposure methods (A. glabripennis larvae reared in bolts vs. A. glabripennis larvae inserted in sticks). Using a one-way analysis of variance (ANOVA) procedure, we then compared parasitism rate or successful progeny (female and male) production per parasitized host from exposures to different generations of parental O. mellipes. Arcsine square root transformation on parasitism rate was used to normalize the data distribution prior to the two sample t-tests or ANOVA. All statistical analyses were conducted with JMP Pro 11.02 (SAS Institute 2014).
Results
Five of the eight tested hymenopteran taxa attacked A. glabripennis larvae (early instars) reared on red maple bolts and successfully produced both male and female progeny ( The parasitism rate by O. mellipes was slightly lower (51.0%) when reared with the A. glabripennis larvae artificially inserted inside red maple sticks than with the larvae naturally reared with red maple bolts (69.9%) (t 1, 57 ¼ 1.97, P ¼ 0.0536; Table 2 ). While there was no significant difference in the mean number of male O. mellipes progeny produced per parasitized A. glabripennis host between the two rearing methods (t 1, 48 ¼ À1.10, P ¼ 0.2780), parental O. mellipes wasps produced a significantly higher number of female parasitoid progeny (6.8 vs. 1.3 per A. glabripennis host) when reared with inserted A. glabripennis larvae inside small red maple sticks than with those naturally reared with large red maple bolts (t 1, 48 ¼ À7.01, P < 0.0001).
There were no statistically significant differences in the mean parasitism rate (F 4, 337 ¼ 1.99, P ¼ 0.0958) and the mean number of female (F 4, 301 ¼ 2.05, P ¼ 0.0875) and male (F 4, 301 ¼ 1.93, P ¼ 0.1049) progeny produced per A. glabripennis host among different parental generations of O. millepes reared on host larvae inserted into red maple sticks (Table 3) . However, it appeared that the original parental generation (wild-collected directly from North American cerambycid larvae) caused less A. glabripennis larval parasitism (45.8%) than did the parental generations (F 1 -F 50 ) reared from A. glabripennis larvae (causing 54.9-70.7% parasitism). In addition, parental generations of F 21 -F 50 O. millepes appeared to have produced more female progeny (6.7-7) from each parasitized A. glabripennis larva than did F 1 -F 20 parental wasps (5-6.1 female progeny) or the original (wild-collected) parental generation (5.0 female progeny per parasitized A. glabripennis host). 
Discussion
Our quarantine laboratory study demonstrates that five groups of North American braconid parasitoids (O. mellipes, R. piceus, S. laflammei, Heterospilus spp., and Atanycolus spp.) can successfully attack early instars of A. glabripennis larvae naturally infesting red maple logs and produce both male and female progenies. One of the species, O. mellipes, can be continuously reared with A. glabripennis larvae inserted inside small red maple sticks, producing significantly more female progeny than with A. glabripennis larvae naturally reared with large red maple logs. Continuous rearing of O. mellipes on A. glabripennis larvae for up to 50 generations did not significantly increase parasitism rates and mean number of male and female progenies produced per parasitized host. However, we did notice a slight increase in A. glabripennis parasitism rates and more production of female progeny by parental wasps reared with A. glabripennis larvae at generation F 1 -F 50 than the original parental generation (wild-collected directly from North American cerambycid larvae [ Table 3 ]). Together, these findings showed potential that some native braconid parasitoids may be able to establish new associations with the invasive A. glabripennis in North America. These native parasitoids may also be potentially reared with A. glabripennis larvae for mass production and augmentative or inundating releases for new association biological control. In addition, these native parasitoids could also provide significant biological resistance for North American forest ecosystems to slow or delay the spread of invading A. glabripennis populations (see reviews in Carlsson et al. 2009 ).
There was a slight difference in parasitism rates (51.0 vs. 69.9%) by O. mellipes when reared with the A. glabripennis larvae artificially inserted inside small red maple sticks and naturally reared with large red maple bolts. However, parental O. mellipes wasps produced a significantly higher number of female parasitoid progeny (6.8 vs. 1.3 per host larva) when reared with inserted A. glabripennis larvae inside red maple sticks than with those naturally reared with red maple bolts. The observed difference in the production of female progeny by O. mellipes between the two different rearing methods might be largely due to the different biomass of A. glabripennis larvae used in the two different rearing methods. The average biomass of A. glabripennis larvae (mean ¼ 633.3 mg per larva) used for insertion into the sticks is $34 times more than of A. glabripennis larvae (18.6 mg per larva) naturally reared in the red maple bolts. Nevertheless, the modified method using inserted larvae in host plant sticks allows us to control the number and size of test A. glabripennis larvae per trial, thus reducing variability among different trials.
In general, there is very little information about the biology, life cycle, and host ranges of these five braconid wasps that successfully attacked A. glabripennis larvae in our laboratory assays. Where records exist, all these taxa are recorded as ectoparasitoids of woodboring beetle larvae, particularly in families Buprestidae, Scolytidae, and Cerambycidae. For example, Atanycolus spp. and S. laflammei have been reported attacking wood-boring buprestids including the invasive emerald ash borer (Agrilus planipennisi) in North America (Duan et al. 2012 (Duan et al. , 2013 , whereas Heterospilus spp. are reported primarily attacking bark beetles (Wegensteiner et al. 2015) . However, a few species in the genus Heterospilus have been reared from Bruchidae and Curculionidae as well as from stem-boring sawflies and moths (Marsh and Melo 1999) . While R. piceus are recorded as gregarious ectoparasitoids of both cerambycid and bark beetle larvae (Loni et al. 2015) , O. mellipes appears to only attack cerambycid larvae in North America (Ashmead 1899, Turgeon and Smith 2013) .
Considering our success in rearing O. mellipes with A. glabripennis larvae and its known native origin, we recommend that further laboratory and field studies be conducted to examine the possibility of using this parasitoid for new association biocontrol of A. glabripennis in North America. These studies should focus on the ability and adaption of O. mellipes to find and attack A. glabripennis larvae under both laboratory and field conditions, particularly when its native hosts coexist with A. glabripennis within the same infested logs or habitats. Given that O. mellipes used in these studies were collected from borers attacking dead and dying felled trees, and A. glabripennis attack standing healthy trees, field studies are needed to determine if O. mellipes is arboreal (share a common habitat ¼ tree canopy) and ecologically compatible in time and space with A. glabripennis. In addition, further laboratory studies are needed to determine if the ability of O. mellipes to attack A. glabripennis larvae can be conditioned or improved by continuous laboratory cultures with A. glabripennis as alternative hosts. If so, prerelease conditions of rearing the biocontrol agent with its target host may potentially increase its control efficacy (e.g., Cortesero and Monge 1994, Duan and Messing 1999) .
